The tumor suppressor p53 plays a critical role in the regulation of the cell cycle and the maintenance of genetic stability. The 3'?5' exonuclease activity of p53 has recently been recognized as a novel biochemical function of this molecule, but the biological signi®cance of this activity remains elusive. Using an in vitro DNA replication assay with puri®ed human DNA polymerases, p53 protein, and de®ned DNA primer/templates, we demonstrated that the wild-type (wt) p53 protein, but not the mutant p53 protein, speci®cally enhanced the DNA replication ®delity of polymerase (pol) a, an enzyme that lacks 3'?5' exonuclease activity. The misincorporation of non-complementary deoxynucleotides into DNA by pol a was substantially decreased by p53. In contrast, wt p53 showed no signi®cant eect on replication ®delity or the rates of DNA synthesis by human pol e or the bacterial enzyme pol I. Inhibition of 3'?5' exonuclease activity by guanosine monophosphate (GMP) abolished the ability of p53 to enhance the replication ®delity of pol a. Quantitative analyses revealed that the 3'?5' exonuclease activity of p53 eectively removed mismatched nucleotides from DNA in preference over matched nucleotides. Furthermore, study in intact cells revealed that the wt p53 protein was co-localized with DNA synthesis activity in S phase cells. These results suggest a possibility that the 3'?5' exonuclease of the wt p53 protein might provide the proof-reading function for DNA pol a. The preferential excision of mismatched nucleotides from the replicating DNA strand appears to be a potential biochemical mechanism by which p53 enhances DNA replication ®delity and thereby helps to maintain genomic integrity.
Introduction
All living species are constantly exposed to a variety of internal and external stresses that may damage genomic materials. It is essential that cells be equipped with molecular machinery that can detect and repair such damage in order to maintain genome stability. The tumor suppressor p53 is one such important molecule that is involved in regulating cell-cycle progression and in modulating cellular response to DNA damage (Volgelstein and Kinzler, 1992; Lane, 1992 ; Kessis et al., 1993) . The best documented, and perhaps most prominent, function of the wt p53 is its ability to mediate cell-cycle arrest at the G1 phase in response to DNA damage Kuerbitz et al., 1992) . Following DNA damage induced by g-irradiation, the p53 protein stabilizes and accumulates in the cells. The wt p53 protein mediates the cell-cycle checkpoint function probably by modifying the expression of other regulatory molecules such as p21WAF1/cip1, Gadd45 and MDM2 Momand et al., 1992; Barak et al., 1993; El-Deiry et al., 1993; Waldman et al., 1995) . The major biochemical function of p21WAF1/cip1 is the inhibition of cyclin-dependent kinases (Xiong et al., 1993; Harper et al., 1993) . This inhibition leads to hypophosphorylation of the retinoblastoma tumor suppressor protein and subsequently causes G1 arrest through the E2F pathway (Nevins, 1992; Harper et al., 1993; Ewen et al., 1993) . In addition to its key role in the G1 cellcycle checkpoint, p53 has been demonstrated to induce progression arrest at other phases of the cell cycle (Agarwal et al., 1995; Hermeking et al, 1997) .
The observation that p53 is able to mediate cell-cycle arrest in response to DNA damage provides a basis for the hypothesis that this molecule is a guardian of the genome (Lane, 1992) . However, the precise mechanisms by which p53 participates in maintaining genome stability remain to be elucidated. It is generally assumed that cell-cycle arrest mediated by p53 in response to DNA damage will allow the cells sucient time to repair the damage and thus will prevent cells from entering mitosis with damaged DNA. If the cells are unable to repair the DNA damage, apoptotic cell death process is initiate to eliminate the cells that contain damaged DNA and thereby the genomic stability of the whole cell population is maintained (Lane, 1992) . The ability of p53 to induce apoptosis is well documented in a variety of model systems (Lowe et al., 1993; Clarke et al., 1994; Caelles et al., 1994) , although p53-independent apoptotic pathways do exist (Peled et al., 1996; Arita et al., 1997) . Thus, the loss of functional p53 may lead to the abrogation of this safeguard mechanism and may in part be responsible for genetic instability and the development of cancer.
The cell-cycle checkpoint model suggests that p53 exerts its genome-guardian function indirectly through the cell-cycle control machinery rather than directly in the repair of DNA damage. However, recent studies have demonstrated that the C-terminal region of the p53 polypeptide may contain a nonspeci®c DNAbinding domain that preferentially binds to damaged DNA (Reed et al., 1995; Lee et al., 1995; Levine, 1997) . These ®ndings indicate that p53 may be directly involved in the recognition of DNA damage and may possibly be involved in certain DNA repair processes. The p53 molecule may also bind directly to the Holliday junctions in DNA and facilitates their cleavage during homologous recombination events (Lee et al., 1997) . Mummenbrauer et al recently demonstrated that the wt p53 protein exhibits intrinsic 3'?5' exonuclease activity, which was mapped to the core DNA-binding domain of p53. The same study detected no exonuclease activity associated with the mutant p53 protein (Mummenbrauer et al., 1996) . Although the 3'?5' exonuclease activity of the wt p53 protein might provide a biochemical basis for the direct involvement of this molecule in the repair of certain types of DNA damage, the biological relevance of this enzyme activity remains elusive. The observations that p53 protein is co-localized with the DNA replication machinery (Gannon and Lane, 1987; Cox et al., 1995) and that mammalian DNA pol a, unlike pol d and pol e, lacks the 3'?5' exonuclease activity for proofreading (Syvaoja et al., 1990; Bambara and Jessee, 1991) provide hints that link p53 with DNA replication ®delity. Because the misincorporation of non-complementary nucleotides during DNA replication represents a major mechanism of gene mutation, prompt removal of the misincorporated nucleotides from DNA is critical for genomic stability. In whole cells, it is possible that the 3'?5' exonuclease of the wt p53 protein might complement the function of pol a during DNA replication to ensure the timely excision of misincorporated nucleotides. The present study was conducted to test the hypothesis that p53 may enhance DNA replication ®delity by eliminating mismatched deoxynucleotides from replicating DNA with its 3'?5' exonuclease activity. Using an in vitro DNA synthesis assay with de®ned DNA primer/templates and puri®ed human DNA polymerases, we demonstrated that the 3'?5' exonuclease activity of the wt p53 protein prefers mismatched deoxynucleotides in DNA as the substrates for excision. This activity signi®cantly reduces the number of mismatched nucleotides incorporated into DNA by pol a and thus enhances the in vitro DNA replication ®delity.
Results and Discussion
Eect of p53 on DNA synthesis and replication ®delity in vitro
The observations that the p53 protein is associated with DNA replication activity (Gannon and Lane, 1987; Cox et al., 1995) and that the wt p53 protein has an intrinsic 3'?5' exonuclease activity (Mummenbrauer et al., 1996) suggest a possibility that p53 might provide a proof-reading function to DNA pol a, a DNA replication enzyme that lacks 3'?5' exonuclease activity. To test this hypothesis, we ®rst investigated the direct eect of human wt p53 protein puri®ed from ML-1 cells and the mutant p53 protein from CEM cells on DNA synthesis catalyzed by puri®ed human DNA pol a and pol e (an enzyme with 3'?5' exonuclease activity) in vitro. Because there are multiple proteins with 3'?5' exonuclease activity in the cells, it is critical to use highly puri®ed p53 protein to ensure that the observed 3'?5' exonuclease activity is attributed to p53 and not to a contaminating exonuclease. The wt p53 protein was puri®ed by anity chromatography as described under Materials and methods. Vigorous washes with a high salt buer eectively eliminated the contaminating proteins. The puri®ed p53 protein appeared as a homogenous band on a silver-stained gel with no apparent contaminating protein bands (Figure 1 ). The p53 protein was then used in the in vitro DNA synthesis reactions with the following de®ned DNA hybrid as the primer/template for replication:
The rationale for the design of this DNA primer/ template was that in the presence of all four dNTPs, the DNA polymerase would extend the 3'-end of the primer by incorporating deoxynucleotides complementary to the template to form a 31-base product. If the reaction contained only dGTP and dTTP, the enzyme was expected to extend the primer only to site 6 because of the lack of the complementary nucleotides dATP and dCTP for incorporation into sites 7 and 8, respectively. Under these conditions (without dATP and dCTP), any incorporation into sites 7 and 8 would re¯ect misincorporation of non-complementary nucleotides into these two sites. This assay allows the evaluation of the eect of p53 on DNA replication errors by directly adding puri®ed p53 protein to the reactions. As shown in Figure 2a , DNA pol a appeared to be an error-prone enzyme because it misincorporated a signi®cant amount of non-complementary nucleotides into sites 7 and 8 in the absence of dATP and dCTP ( Figure 2a , lane 2). This result is consistent with the observations in other experimental systems, in which signi®cant replication errors by pol a were detected (Loeb and Kunkel, 1982; Kunkel, 1992; Eckert and Kunkel, 1993) . The lack of the 3'?5' exonucleolytic proof-reading activity in pol a may in part be responsible for this phenomenon. When Figure 1 Silver-stained gel showing the purity of the puri®ed wt p53 protein. The wt p53 protein was puri®ed from ML-1 cells by anity chromatography as described under Materials and methods. The puri®ed sample was analysed by a 10% SDS ± PAGE and then stained with silver by a nondiamine chemical development method (Merril, 1990) . Lane 1, crude ML-1 cell extracts after passage through the anity column; lane 2, puri®ed p53 protein; lane M, molecular weight markers various concentrations of the wt p53 protein puri®ed from ML-1 cells were added to the reactions, the amount of mismatched nucleotides incorporated into sites 7 and 8 was substantially reduced (Figure 2a , lanes 3 ± 6), whereas incorporation of a complementary nucleotide (dTTP) into site 6 was not signi®cantly aected. Quantitation of the radioactivity of the DNA bands at sites 7 and 8 by Betascope analysis revealed that p53 at the concentrations of 15 pg/ml and 30 pg/ ml reduced the amount of misincorporation by 48+6% and 81+6%, respectively. When all four dNTPs were included in the reactions, full-length products (31-base) were formed (Figure 2a, lane 7) . The addition of p53 to the complete reactions had a moderate inhibitory eect on the overall DNA synthesis activity (Figure 2a, lanes 8 ± 11) . Thus, it appears that the wt p53 protein directly aected DNA synthesis in two ways: (1) a substantial reduction in the number of replication errors and (2) a moderate decrease in the overall DNA synthesis rates. It is not clear at the present time if these two functions are related to each other. It is of interest to note that the amount of nucleotide incorporated into the last T site in lanes 9 ± 11 appears signi®cantly reduced, probably due to a relatively eective excision of the last nucleotide by the p53 exonuclease when this nucleotide was not protected by an overhanging template. In contrast, the presence of the overhanging DNA template in the`G/T only' reactions protected the last matched T nucleotide in the extended primer from being excised by p53 (lanes 2 ± 6).
The same in vitro assay was used to further evaluate the possible eects of p53 on DNA synthesis by puri®ed human pol e. As shown in Figure 2b , no detectable misincorporation at sites 7 (A site) and 8 (C site) was catalyzed by pol e in the reaction containing dGTP and dTTP but not dATP and dCTP (lane 2). This high ®delity of DNA synthesis by pol e is in agreement with the observations in other experimental systems (Kunkel, 1992) . Addition of p53 did not aect the incorporation of a complementary nucleotide at site 6 (T site; Figure 2b , lanes 3 and 4). Similarly, the synthesis of full-length products was not inhibited by p53 in the complete reactions with all four dNTPs ( Figure 2b , lanes 5 ± 7). For comparison, the eect of p53 on the E. coli enzyme pol I was tested in parallel. The activity of pol I was not signi®cantly altered by p53 in the reaction containing only dGTP and dTTP ( Figure 2b , lanes 8 ± 10) or in the complete reactions with all four dNTPs ( Figure 2b , lanes 11 ± 13). In the complete reactions with either pol e or pol I, moderate excision of the last matched nucleotide was also observed when wt p53 was present ( Figure 2b , lanes 7 and 13), probably due to the lack of protection by an overhanging template.
In a parallel experiment, mutant p53 protein was puri®ed from human leukemia CEM cells, which contain two dierent mutated p53 alleles (Arg 175 ?His 175 ; Arg 248 ?Gln 248 , Cheng and Haas, 1990) . The mutant p53 protein was then tested for its ability to aect DNA synthesis by pol a in vitro. As shown in Figure 3 , the amount of misincorporated nucleotides at the A and C sites in the`G/T only' reactions was not reduced by the addition of the mutant p53 protein ( Figure 3a , lanes 2 ± 4). The rates of overall DNA synthesis activity of the complete reactions (with four dNTPs) were not aected by the mutant p53 ( Figure 3a , lanes 5 ± 7). When the 32 Plabeled DNA primer/template was used as the substrate for nucleotide excision by the puri®ed mutant p53 protein in the absence of pol a and dNTPs, no excision products were generated ( Figure  3b , lanes 1 ± 3), demonstrating the lack of 3'?5' exonuclease activity associated with the puri®ed mutant p53 protein. This is in contrast to the active 3'?5' exonuclease of the wt p53 protein puri®ed from ML-1 cells.
A dierent assay using activated calf-thymus DNA as the template was used to further con®rm the dierential eect of the wt p53 protein on pol a compared to pol e (Figure 4a ). The wt p53 protein puri®ed from ML-1 cells decreased the overall DNA synthesis activity of pol a in a dose-dependent manner. For example, 30 pg/ml of p53 protein reduced the polymerization activity by about 55%. In contrast, the same concentration of the wt p53 protein did not signi®cantly aect the activity of pol e. The mutant p53 Figure 2 Eect of puri®ed wt p53 protein on DNA replication ®delity in vitro catalyzed by DNA pol a (a), pol e, and pol I (b). The DNA sequence of the primer/template is shown under (a). The in vitro DNA polymerization reactions were carried out for 30 min as described under Materials and methods. The p53 protein concentrations were: Figure 1a , lanes 2 ± 6, 0, 7.5, 15, 22.5 and 30 pg/ml, respectively. Figure 1a , lanes 7 ± 11, 0, 7.5, 15, 22.5 and 30 pg/ml, respectively; Figure 1b , lanes 2 ± 4, 0, 15 and 30 pg/ ml, respectively; Figure 1b , lanes 5 ± 7, 0, 15 and 30 pg/ml, respectively; Figure 1b , lanes 8 ± 10, 0, 15 and 30 pg/ml, respectively; Figure 1b , lanes 11 ± 13, 0, 15 and 30 pg/ml, respectively protein puri®ed from CEM cells did not aect the activity of pol a (Figure 4b) .
If the wt p53 protein was able to functionally interact with pol a in whole cells and negatively attenuate the nuclear DNA synthesis activity, one would expect that the removal of the wt p53 protein from the cellular nuclei would increase the activity of nuclear DNA synthesis. To test this possibility, the DNA synthesis activity in freshly isolated nuclei from ML-1 (wt p53), CEM (mutant p53), and K562 (p53 null) cells was determined in the presence and absence of dierent anti-p53 antibodies and their combinations. The rationale for using the p53 antibodies was that if only the wt p53 protein is involved in nuclear DNA replication, addition of the antibodies might aect the DNA synthesis activity only in ML-1 nuclei but not in CEM or K562 nuclei. As shown in Figure 4c , both of the p53 antibodies (Ab-2 and Ab-6) substantially increased the DNA synthesis activity in ML-1 nuclei (140 ± 170% of the control activity), depending on the concentrations of the antibodies. The combination of the two antibodies resulted in a greater enhancement. The same amount of control antibody (anti-actin) did not aect the nuclear DNA replication in ML-1 nuclei. Furthermore, the augmentation of DNA synthesis by p53 antibodies was not observed when the nuclei isolated form CEM or K562 cells were used ( Figure  4d ). These data suggest a possibility that the wt p53 protein might normally interact with the DNA replication machinery to provide the proof-reading function (3'?5'exonuclease activity) for DNA pol a and to negatively attenuate the rate of DNA replication when it encounters mismatched nucleotides for excision. Sequestering of p53 by speci®c antibodies abolished this negative attenuation and thus increased the rate of nuclear DNA replication. These observations are in agreement with the results shown in Figure  2a and 4a, which demonstrated that the puri®ed wt p53 protein moderately suppressed the overall DNA synthesis activity of pol a. Because there are multiple proteins involved in nuclear DNA replication, the enhancement of nuclear DNA synthesis activity by anti-p53 antibodies (Figure 4c ) did not necessarily prove that there was a direct interaction between p53 protein and DNA pol a. It is possible that p53 might aect nuclear DNA synthesis by interacting with other replication factors such as replication protein A (RP-A). Nevertheless, the negative eect of p53 on nuclear DNA synthesis, either by direct interaction with pol a or by binding to RP-A, may allow sucient time for the excision of the misincorporated nucleotides from DNA by the 3'?5' exonuclease of p53 before the mismatched nucleotides are internalized by pol a.
Preferential excision of mismatched nucleotides from DNA by the wt p53 protein
The experiments described in Figure 2 demonstrate that the wt p53 protein substantially reduced the number of mismatched nucleotides incorporated into DNA and moderately decreased the overall DNA polymerization activity of pol a. These observations led us to hypothesize that the 3'?5' exonuclease activity might preferentially remove the incorporated mismatched nucleotides from the 3'-end of the elongating DNA strand. Two dierent approaches were used to test this hypothesis. First, GMP, an inhibitor of the 3'?5' exonuclease of p53 (Mummenbrauer, 1996) , was used in the DNA primer extension assay with puri®ed pol a and the wt p53 protein. In the absence of GMP, Figure 3 Eect of puri®ed mutant p53 protein from CEM cells on DNA replication in vitro (a) and its inability to excise nucleotides from the 3'-end of DNA (b). The DNA primer/ template described in Figure 1 was incubated in the presence and absence of pol a, the mutant p53 protein, and dNTPs as indicated. The in vitro DNA polymerization and nucleotide excision reactions were carried out for 30 min as described under Materials and methods. The p53 protein concentrations in (a): lanes 2 ± 4, 0, 15 and 30 pg/ml, respectively; lanes 5 ± 7, 0, 15 and 30 pg/ml, respectively. (b): lanes 1 ± 3, 0, 15 and 30 pg/ml, respectively Figure 4 Eect of wt and mutant p53 protein on overall DNA synthesis in vitro. (a) Eect of the wt p53 protein from ML-1 cells on DNA synthesis by pol a and pol e. (b) Eect of the mutant p53 protein from CEM cells on DNA synthesis by pol a. DNA synthesis activity was analysed by incubating puri®ed pol a or pol e with 50 mM each of dATP, dCTP and dGTP, 5 mM [ 3 H]dTTP and activated calf-thymus DNA in the presence of the indicated concentrations of the p53 protein at 378C for 30 min. DNA synthesis activity was determined with a ®lter disc assay (Huang et al., 1990) . The eect of anti-p53 antibodies on DNA synthesis activity in fresh nuclei isolated from ML-1 cells (c) and from CEM and K562 cells (d) was evaluated as described under Materials and methods. The isolated nuclei were incubated in buer containing 50 mM each of dATP, dCTP, dGTP, 5 mM [ 3 H]dTTP and the indicated antibodies at 378C for 40 min. The radioactivity incorporated in the nuclear DNA was quantitated by liquid scintillation counting. Each data point represents the mean+s.d. of two to three separate experiments with duplicate determinations the wt p53 protein alone showed active exonuclease function and eectively cleaved the 17-base primer to shorter oligomers in the absence of DNA pol a and dNTPs during a 30 min incubation (Figure 5a , lane 10). This exonuclease activity was completely inhibited by 2 mM GMP (lane 11). In the absence of GMP, the number of mismatched nucleotides incorporated by DNA pol a was reduced by p53 in a concentrationdependent manner (lanes 3 ± 6). The addition of 2 mM GMP abolished the ability of the wt p53 protein to eliminate the misincorporated nucleotides, which remained at the 3'-end of the extended DNA primer (lanes 7 ± 9). The number of mismatched nucleotides incorporated by pol a in the presence and absence of GMP was quantitated by Betascope analysis in three separate gels and showed in Figure 5b . In the presence of 2 mM GMP, the misincorporated nucleotides remained despite the addition of p53. Thus, it seems that the ability of the 3'?5' exonuclease of p53 to remove mismatched nucleotides from DNA was the biochemical mechanism responsible for the enhancement of DNA replication ®delity.
The second approach to investigating the preferential excision of mismatched nucleotides by p53 involved the use of the following de®ned DNA construct as the excision substrate of p53. (primer) 18 19 5' 32 P-GTAAAACGACGGCCAGTCA 3' ± ± ± ± ± CATTTTGCTGCCGGTCACG ± ± ± ± ± ± (template) (circular M13mp18(+)strand)
The double-stranded DNA hybrid contained a 19-base oligomer labeled with 32 P at its 5'-end as the primer and a circular M13mp18(+) DNA strand as the template. This DNA construct contains 17 matched base pairs and two mismatched nucleotides (C : C and A : G) at sites 18 and 19. Because the M13mp18(+) DNA is a circular template, the only site available in this DNA construct for excision by the 3'?5' exonuclease activity of p53 was the 3'-end of the radioactive 19-mer. When this DNA was incubated with the wt p53 protein, the two mismatched nucleotides at the 3'-end of the 19-base primer were preferentially removed, resulting in the generation of a 17-base excision product (Figure 6b, lanes 2 ± 4) . Only a small number of the matched nucleotides (bands below the 17-mer) were excised during the ®rst 20 min of incubation. As the incubation time increased, p53
Figure 5 Inhibition of the 3'?5' exonuclease of the wt p53 protein by GMP abolished the ability of p53 to enhance the DNA replication ®delity of pol a. The in vitro DNA polymerization reactions were carried out in the presence of the indicated p53 protein, pol a, GMP and dNTPs at 378C for 30 min. The reaction products were analysed on a denaturing polyacrylamide gel (a) and the radioactivity of the DNA bands containing the misincorporated nucleotides was quantitated by Betascope analysis (b). Each data point represents the mean+s.d. of three separate gel determinations Figure 6 Preferential excision of nucleotides from single-stranded DNA (a) and mismatched nucleotides from double-stranded DNA (b) by the 3'?5' exonuclease of the wt p53 protein. The indicated DNA substrates were incubated with puri®ed wt p53 protein for the indicated times and the reaction products were analysed by denaturing polyacrylamide gel electrophoresis as described under Materials and methods. The excision rates were determined by measuring the radioactivity associated with the excision products by the Betascope analysis and were expressed as the percentage of the total input radioactivity (c). Excision of mismatched nucleotides is de®ned as the removal of the ®rst two nucleotides (A : G and C : C mispairs) at the 3'-end of the primer, whereas removal of the subsequent complementary nucleotides is de®ned as the excision of matched nucleotides then started to remove the matched nucleotides ( Figure  6b , lanes 5 and 6). When the single-stranded primer alone was used as the substrate in a parallel reaction, p53 cleaved nucleotides from the single-stranded oligomer eectively and processively ( Figure 6a , lanes 2 ± 6). There was no pause at the 17-base site as was seen when the double-stranded hybrid was used as the substrate (Figure 6b, lanes 2 ± 4) . The excision rates for the matched and mismatched nucleotides and for the single-stranded oligonucleotides were quantitated by Betascope analysis (Figure 6c ). It appears that p53 preferred single-stranded DNA and the mismatched nucleotides in double-stranded DNA as the excision substrates, whereas the matched nucleotide pairs eectively retarded the excision process. Incubation of either the single-stranded or double-stranded DNA substrates with the mutant p53 protein puri®ed from CEM cells revealed no exonuclease activity (data not shown).
Association of the wt p53 protein with DNA replication activity in intact cells
Because the wt p53 protein appeared to aect the function of mammalian DNA pol a in that it enhanced the replication ®delity of this enzyme by preferentially excising mismatched nucleotides from the DNA and that it moderately decreased the rate of overall DNA polymerization in vitro, we further investigated this functional association in intact cells. When exponentially growing ML-1 cells, a myeloid leukemia line having the wt/wt p53 genotype , were immunostained with the anti-p53 monoclonal antibody DO-1, we consistently noticed a heterogeneous pro®le of p53 protein distribution in the cell population (Figure 7a ). Approximately 19+3% (n=8) of the cells revealed a strong p53 stain in their nuclei (one such cell is indicated by a bold arrow-head in Figure  7a ), but the majority of the cells showed very weak p53 signal in their nuclei. Some of these cells had a positive p53 stain only in their cytoplasm (indicated by the thin arrow-head in Figure 7a) . A higher magni®cation revealed that the nuclear p53 protein appeared in clusters with an intense signal near the nuclear envelope (Figure 7b ), suggesting the possibility that the p53 protein might co-localize with the DNA replication apparatus, which are tightly clustered in foci anchored to the nuclear membrane (Nakamura et al., 1986; Mills et al., 1989; Cox and Laskey, 1991; Hozak et al, 1993; Coverley and Laskey, 1994) . These results are in agreement with the observations by others that the p53 protein may be associated with DNA replication activity (Gannon and Lane, 1987; Cox et al., 1995) . In contrast, when the exponentially growing CEM cells, the human T lymphoid leukemic cells with two mutant p53 alleles (Cheng and Haas, 1990) , were stained for p53 with the DO-1 antibody, all CEM cells uniformly showed a strong p53 signal in their nuclei (data not shown) but did not reveal the prominent p53 protein clusters localized near the nuclear envelope as observed in ML-1 cells (Figure 7b ). Flow cytometry analysis revealed that about 30±35% of the exponentially growing CEM cells were in the S phase of the cell cycle. These data suggest that the mutant p53 protein, although expressed at higher levels, may not be associated with the DNA replication machinery in CEM cells.
A double immunostaining technique was used to further investigate the association of the wt p53 protein with DNA synthesis activity. ML-1 cells were ®rst incubated with bromodeoxyuridine (BrdU) for 2 h to label the nuclei of cells in active DNA synthesis phase. The cells were then ®xed and immunostained for p53 as described in the Materials and methods, using the AEC chromogen and horseradish peroxidase system, which revealed the p53 protein as having a red tint. The slide was then treated with 0.2 N HCI for 20 min, washed, and incubated with proteinase K for 30 min. These procedures made the cellular DNA accessible for anti-BrdU antibodies without the loss of the AEC signals. BrdU in the nuclear DNA was detected using an anti-BrdU antibody conjugated with¯uorescein FITC, which showed the incorporated BrdU as a green uorescent signal. This double-labeling technique allowed the evaluation of the relationship between DNA synthesis activity and the localization of the p53 protein in individual cells. As shown in Figure 7c , two of the ®ve cells showed a positive p53 signal in their nuclei; the same two cells also revealed a strong BrdU signal (Figure 7d ). The other three cells were negative in both p53 and BrdU signals. These data suggest a colocalization of the p53 protein with the DNA synthesis activity. Examination of multiple ®elds revealed that among the BrdU-positive (S phase) cells, approximately 70% of their nuclei had a strong p53 signal. It is possible that the p53 protein may be expressed at a high level and localized to the nucleus when DNA replication is under stress, such as the incorporation of mismatched nucleotides into DNA or the damage of DNA by intracellular free radicals. In fact, we observed that the incubation of ML-1 cells with the nucleoside analog gemcitabine (dFdC) resulted in a signi®cant increase in the number of p53-positive nuclei in ML-1 cells. Gemcitabine has been demonstrated to be incorporated into DNA (Huang, 1991a) ; it may also cause the incorporation of mismatched deoxynucleotides into DNA because of the imbalance of cellular dNTP pools due to inhibition of ribonucleotide reductase by the drug (Gandhi and Plunkett, 1990; Baker et al., 1991) . In the exponentially growing ML-1 cell population, approximately 19% of the cells had a strong p53 stain in their nuclei under normal culture conditions. When the cells were incubated with 3 mM dFdC for 2 h, about 44% of the nuclei showed a strong p53 signal. It appeared that the wt p53 protein was directed to the nuclei in response to the disturbance of DNA synthesis caused by gemcitabine.
Bromodeoxyuridine is also a nucleoside analog, which is phosphorylated intracellularly to the analog triphosphate and then is incorporated into DNA. A 2 h incubation of ML-1 cells with BrdU led to a substantial incorporation of the analog into cellular DNA, which was readily detected by an anti-BrdU antibody. This incubation also allowed a sucient time for a possible cellular response to the misincorporation of the analog (BrdU) in DNA. Assuming that the incorporated BrdU molecule in DNA mimics a misincorporated nucleotide, the observation that wt p53 protein was localized to the BrdU-positive nuclei (Figure 7d ) provides an additional evidence for the notion that p53 may be involved in the repair of misincorporated nucleotides. This is in agreement with the results of experiments with gemcitabine described above. It is possible that the 2 h incubation might allow a portion of the BrdU-labeled cells to move out of the S phase. To determine the extent of this time eect, we conducted an experiment in which the BrdUpositive nuclei were scored as the function of the labeling time. The results showed that about 39, 45 and 45% of the ML-1 cells were BrdU positive after 15 min, 1 h, and 2 h of labeling, respectively. Compared to the short-time (15 min) incubation, it appears that a 2 h labeling did not signi®cantly change the percentage of BrdU-positive nuclei in ML-1 cells, which have a doubling time of 24 h. One possible explanation for the relatively constant percentage of BrdU-positive cells under these experimental conditions is that the cell cycle progression might have been paused when wt p53 was activated.
In proliferating cells, misincorporation of noncomplementary dNTPs into the daughter DNA strand during replication represents a major mechanism of gene mutation (Loeb and Kunkel, 1982) . The average error (base-substitution) rates produced by DNA pol a, pol d, and pol e are estimated to be 1610
74
, 2610
75
, and 5610
76
, respectively (Kunkel, 1992) . The intrinsic limited accuracy of DNA polymerases and the imbalance of intracellular dNTP pools are the two most important factors responsible for DNA replication errors (Bebenek et al., 1992; Boyer et al., 1993; Kunz et al., 1994) . Cells are able to maintain a high level of DNA replication ®delity through the removal of misincorporated deoxynucleotide from the 3'-end of the elongating DNA strand by the 3'?5' exonuclease activity (proof-reading) associated with DNA pol d and pol e (Roberts et al., 1991; Kunkel, 1992; Morrison and Sugino, 1994) . However, the mammalian DNA pol a, an enzyme considered to be responsible for the lagging strand replication (Stillman, 1989; Hurwitz et al., 1990) , lacks the 3'?5' exonuclease proof-reading activity. The present study demonstrated that the wt p53 protein appeared to be associated with the DNA replication activity and functionally attenuated the activity of DNA pol a. The 3'?5' exonuclease activity of the wt p53 protein preferred mismatched deoxynucleotides as the substrates for excision. This activity signi®cantly reduced the number of misincorporated nucleotides in DNA and thus enhanced the replication ®delity.
Based on the above observations, we postulate a possibility that the wt p53 protein might provide a proof-reading function for DNA pol a during DNA replication. When p53 encounters a mismatched nucleotide during the S phase of the cell cycle, it decreases the rate of DNA replication and allows the excision of the mismatched nucleotide from DNA by its 3'?5' exonuclease activity. The ability of the wt p53 protein to attenuate the DNA replication activity has been observed in several experimental systems (Miller et al., 1995; Staib et al., 1996; van Laar et al., 1996) . Furthermore, the p53 protein seems to be able to directly interact with several important cellular proteins such as replication protein A (RP-A, Dutta et al., 1993; Li and Botchan, 1993; Miller et al., 1997) . RP-A is an essential component of the DNA replication machinery and has the ability to bind single-stranded DNA, to promote origin unwinding, and to stimulate the activity of DNA polymerases. It is required for in vitro replication of the double-stranded SV40 DNA (Wobbe, 1987; Wold and Kelly, 1988) . In our study, the in vitro DNA primer extension assay using a singlestranded DNA template primed with a 17-base oligomer as the substrate for replication did not require the presence of RP-A for eective DNA strand elongation by pol a. Because RP-A was not added to the reaction mixture, the observed eect of wt p53 on DNA synthesis was unlikely to be mediated by RP-A. Rather, we speculate that the reduction of replication errors (misincorporated nucleotides) in DNA is likely due to the presence of 3'?5' exonulease activity of wt p53 protein in the reaction. Interestingly, mutation of p53 was demonstrated to be statistically correlated with the replication-error phenotype in mucosa-associated lymphoid tissue lymphomas (Peng et al., 1995) . Thus, excision of misincorporated nucleotides from DNA by the 3'?5' exonuclease activity of the wt p53 protein appears to be a potentially important biochemical mechanism by which this molecule functions to maintain genomic ®delity.
Materials and methods

Materials
The M13mp18(+) single strand DNA and the 17-base M13 universal sequencing primer (5'-GTAAAAC-GACGGCCAGT-3'), complementary to sites 6290 through 6306 of M13mp18(+) DNA, were obtained from Pharmacia (Piscataway, NJ). Two synthetic oligonucleotides, the 19-mer (5'-GTAAAACGACGGCCAGTCA-3') and the 31-mer (5'-ACACACGTACACACACTGGCCG-TCGTTTTAC-3'), were purchased from Genosys (The Woodlands, TX). All oligomers were puri®ed to a single band by denaturing polyacrylamide gel electrophoresis as described previously (Huang et al., 1990) before use.
[g-32 P]ATP (speci®c activity, 4500 Ci/mmol) was purchased from ICN Radiochemicals, Inc. (Irvine, CA). T4 polynucleotide kinase, E. coli DNA polymerase I, polyacrylamide, and bis-methyl-acrylamide were obtained from United States Biochemical (Cleveland, OH). All other reagents were obtained from Sigma Chemical Co. (St Louis, MO) . Human DNA pol a and pol e were prepared from human CCRF-CEM cells as described previously (Huang et al., 1990) . The speci®c activities of pol a and pol e were 11936 and 2440 units/mg, respectively; one unit is the amount of enzyme required to catalyze the incorporation of 1 nmol of dTTP into acid-insoluble material in 1 h at 378C.
Puri®cation of the p53 protein
The wt and mutant p53 proteins were puri®ed from human leukemia ML-1 and CEM cells, respectively, by anity column chromatography. The anti-p53 antibody (DO-1) conjugated to an agarose matrix (Oncogene Research Products, MA) was used for p53 puri®cation according to the procedures recommended by the manufacturer with following modi®cations. Because ML-1 cells contain relatively low levels of the wt p53 protein, 10 Gy of gradiation was administered to induce the accumulation of p53 protein in ML-1 cells 2 h before protein extraction. Cell extracts were ®rst cleared of non-speci®c binding protein using normal mouse IgG and control agarose conjugate. The sample was then mixed with the p53 antibody-agarose conjugate by gentle rotation for 2 h at 48C and loaded onto a column. A high strength buer containing 500 mM NaCl was used to wash the column and the¯ow from the column was monitored by UV absorbance at 280 nm until the reading was below 0.005. This thorough washing with the high-strength buer eectively eliminated nonspeci®c protein from the column. The p53 protein was eluted with a buer containing 2 M KCl. In our preliminary studies, we noted that elution with 4% acetic acid followed by prompt neutralization greatly reduced the exonuclease activity of p53. The sample was desalted and concentrated by centrifugation through a Centricon-10 column (molecular cuto size of 10 kD; Amicon, Inc., MA) and washed twice with a 10 mM TrisHCl buer (pH 7.8). The mutant p53 protein was puri®ed from CEM cells under identical conditions. The purity and identity of the puri®ed p53 protein were determined both by SDS ± PAGE followed by silver-staining (Merril, 1990) and by Western blot analysis using the DO-1 antibody. The amount of puri®ed p53 protein was quantitated with a p53 ELISA analysis kit (Oncogene Research Products, MA), using the p53 standard provided by the manufacturer.
DNA polymerization assay
The 17-base M13 universal DNA sequencing primer (5'-GTAAAACGACGGCCAGT-3') was labeled at its 5'-terminus with g-32 P-ATP using the T4 polynucleotide kinase and then annealed to the 31-base synthetic DNA template (5'-ACACACGTACACACACTGGCCGTCGT-TTTAC-3') as described previously (Huang et al., 1990) . This DNA hybrid was used as the primer/template for polymerization by pol a and pol e. The reaction mixtures contained 20 mM Tris-HCl (pH 7.5), 5 mM MgCl 2 , 0.5 mM DTT, 10 mM NaCl, 20 mg bovine serum albumin/ml, 20 mM each of dATP, dCTP, dGTP and dTTP, the indicated concentration of DNA substrates, pol a or pol e, and the p53 protein. To evaluate the ®delity of DNA replication, dATP and dCTP were omitted from the reactions so that the misincorporation of non-complementary nucleotides into the sites where dATP or dCTP were otherwise expected to be incorporated could be detected. The reaction products were analysed by electrophoresis through a 15% polyacrylamide sequencing gel. After autoradiography, the radioactivity of the DNA bands in the gels was quantitated by a Betascope 603 blot analyzer (Betagen Corporation, Waltham, MA) as described previously (Huang et al., 1990; Kamiya et al., 1996) .
Excision of nucleotides from DNA by p53
A single-stranded 19-base oligomer (5' 32 P-GTAAAAC-GACGGCCAGTCA-3') and a double-stranded hybrid (19-mer) 18 19 5' 32 P-GTAAAACGACGGCCAGTCA 3' ± ± ± ± ± ± CATTTTGCTGCCGGTCACG ± ± ± ± ± ± (M13mp18(+)DNA template)
were used as the substrates for excision by p53. Because the M13mp18(+) DNA is a circular template, the only site in the DNA hybrid available for the 3'-5' exonuclease activity of p53 was the 3'-end of the 5' 32 P-labeled 19-mer, which allowed for the quantitative evaluation of the excision activity. Two mismatched nucleotide pairs (C : C and G : A) were created at positions 18 and 19 (shown in bold) to evaluate the preferential excision of mismatched nucleotides from DNA by p53. The reaction mixtures contained 20 mM Tris-HCl (pH 7.5), 5 mM MgCl 2 , 0.5 mM DTT, 10 mM NaCl, either the single-stranded or double-stranded DNA, and the indicated concentrations of the p53 protein.
The reactions were carried out at 378C for up to 50 min. The reaction products were analysed by electrophoresis through a 15% polyacrylamide sequencing gel. After autoradiography, the radioactivity of DNA band in the gels was quantitated with a Betascope 603 blot analyser.
DNA synthesis in isolated nuclei
Nuclei were isolated from ML-1, CEM, and K562 cells using sucrose-gradient centrifugation methods as described previously Huang et al., 1997) . The standard nuclear suspension buer contained 50 mM Tris-HCl (pH 7.8), 25% glycerol, 5 mM MgCl 2 , 5 mM DTT and 0.1 mM EDTA. Nuclei were freshly prepared for each experiment, adjusted to a concentration of 2610 8 /ml with the nuclear suspension buer, and used within 2 h after isolation. The reaction mixtures (50 ml) contained 20 mM Tris-HCl, 5 mM MgCl 2 , 5% glycerol, 150 mg/ml BSA, 50 mM KCl, 2 mM DTT, 0.5 mM ATP, 50 mM each of dATP, dCTP and dGTP, 5 mM [ 3 H]dTTP, 2610 6 fresh nuclei, and the indicated concentration of p53 antibodies. After incubation at 378C for 40 min, the reactions were stopped by adding 500 ml of 0.45 N perchloric acid (Fisher Scienti®c Company, Fair Lawn, NJ). The samples were placed in an ice bath for 30 min to precipitate the acidinsoluble materials including cellular DNA, centrifuged, and washed three times with 0.4 N perchloric acid. The pellets were dissolved in 0.5 ml 0.1 N KOH then neutralized with 0.5 ml of 0.1 N HCI. The radioactivity incorporated into the DNA was quantitated by liquid scintillation counting after adding a 10 ml scintillation cocktail.
Detection of p53 protein and DNA synthesis activity in whole cells
Exponentially growing ML-1 and CEM cells were spun onto glass microscope slides with a Cytospin-2 centrifuge (Shandon Southern Products, Cheshire, UK), which was followed by immediate ®xation with 100% methanol for 1 h. All glass slides were cleaned with acetone and treated with Histogrip (Zymed Laboratories, Inc. San Francisco, CA) before use. The p53 protein in whole cells was revealed by immunostaining with the p53 antibody DO-1 (Ab-6; Oncogene Research Products, MA) and the Histostain SP kit (Zymed Laboratories, Inc.) using the procedures recommended by the manufacturer. The AEC chromogen substrate system revealed the p53 signal as a red tint. To simultaneously detect the p53 protein and DNA synthesis activity in the same cell population, ML-1 cells were labeled in culture with BrdU for 2 h followed by ®xation and p53 immunostaining as described above. The p53-stained slides were then rinsed thoroughly with ddH 2 O, treated with 0.2 N HCl for 20 min at 248C, washed twice with phosphate-buered saline (PBS), and incubated with proteinase K (0.02 mg/ml) at 248C for 30 min. These procedures made the cellular DNA accessible for antiBrdU antibodies without losing the AEC signals. An antiBrdU antibody conjugated with¯uorescein FITC (Becton Dickinson, Mountain View, CA) was used to detect cells with active DNA synthesis, which showed the incorporated BrdU as a green¯uorescent signal. This double-labeling technique allowed for the evaluation of the relationship between the DNA synthesis activity and the expression and localization of the p53 protein in individual cells.
